Cilia are present across most eukaryotic phyla and have diverse sensory and motility roles in animal physiology, cell signalling and development. Their biogenesis and maintenance depend on vesicular and intraciliary (intraflagellar) trafficking pathways that share conserved structural and functional modules. The functional units of the interconnected pathways, which include proteins involved in membrane coating as well as small GTPases and their accessory factors, were first experimentally associated with canonical vesicular trafficking. These components are, however, ancient, having been co-opted by the ancestral eukaryote to establish the ciliary organelle, and their study can inform us about ciliary biology in higher organisms.
The cellular innovations that differentiated the last eukaryotic common ancestor (LECA) from prokaryotes were key to the diversification of life, as exemplified by the emergence of metazoans. Thomas Cavalier-Smith argues for approximately 60 key innovations linked to eukaryogenesis 1 . It may not surprise an enlightened cell biologist that half are directly related to endomembranes, as well as the cytoskeleton and associated transport machinery. Quite fittingly, centrioles and cilia are also among these innovations.
Centrioles act as microtubule organizing centres (MTOCs) for cell organization and division, and are the foundation (when matured into a basal body) from which cilia are built [2] [3] [4] . The cilium is an organelle with a microtubule-based axoneme which is conserved in most extant protists, and is present in most vertebrate cell types 5 . Motile cilia (also known as flagella) provide motility to cells and gametes, or propel fluids across cell surfaces 6 . The ancestral cilium was not only capable of movement but probably also possessed sensory properties still in use by motile cilia 7 . Indeed, the intrinsic ability of cilia to act as cellular antennae would eventually be exploited fully in metazoans, where many cell types evolved to have immotile (primary) cilia 8, 9 . Loss of motility facilitated the diversification of ciliary structures and functions. Primary cilia such as those found in the brain or olfactory epithelium are typically rod or whip shaped, but other specialized cilia, for example found in vertebrate rod and cone photoreceptors, have elaborate distal ciliary segments 10, 11 . The functional plasticity of primary cilia as sensory organelles has been further harnessed in metazoans and vertebrates, to modulate multiple signalling pathways (including those of Hedgehog, Wnt and receptor tyrosine kinases), and play essential roles in development 8, 9, 12, 13 . Cilia are therefore relevant to understanding eukaryotic cell homeostasis, tissue physiology and development, and an ever-expanding number of human disorders classified as ciliopathies 9, 14, 15 . Here, we discuss how the biogenesis, function and maintenance of cilia depend on shared functional modules and several overlapping proteins that operate in vesicular and intraciliary trafficking pathways.
Vesicular and intraflagellar trafficking pathways co-established in the ancestral eukaryote
Comparative genomic and phylogenetic analyses of endomembrane-associated and vesicular trafficking constituents of extant eukaryotes reveal that the proteins were essentially all present in the ancestral eukaryote 16, 17 . These include the COPI and COPII coatomers and clathrin and adaptin complexes, which coat vesicles and employ various small GTPases to regulate trafficking between the endoplasmic reticulum (ER), Golgi and plasma membrane (Fig. 1) . One conserved structural module found in membrane-coating protein complexes consists of coupled β-propeller and solenoid-repeat domains (Fig. 1a) . This domain combination is unique to eukaryotes, implying it arose as a true evolutionary innovation; the exceptional presence of topologically similar proteins in bacteria exhibiting endomembranes is likely to represent a fascinating example of convergent evolution 18 . Nucleoporin complexes modulate membrane curvature at nuclear pores and also harbour β-propeller and α-helical domains 19 . Interestingly, these domains occur within single or separate polypeptides, the latter offering a possible evolutionary stepping-stone to the origin of the integrated β-propeller-solenoid membrane-associated module.
The genesis of a cilium in the proto-eukaryote necessitated a dedicated cargo-trafficking pathway, termed intraflagellar transport (IFT), that builds and maintains the microtubule axoneme (Box 1) 4, [20] [21] [22] [23] . The same β-propeller and solenoid (tetratricopeptide repeats, TPR) modules were co-opted in several IFT machinery subunits 24, 25 (Fig. 2) . Moreover, several proteins encoded by genes mutated in BardetBiedl syndrome (BBS, forming the BBSome) individually harbour β-propeller or TPR domains and are likely to have co-evolved with IFT proteins to augment the versatility and specificity of ciliary cargo transport 10,26-29 (Box 2). As eukaryotes diversified, especially in metazoan lineages, gene duplication increased the complexity of membrane-trafficking regulatory components 30 . In particular, the Rab GTPase family has expanded the most to regulate tethering between membranes, or between membranes and the cytoskeleton or motors, both in vesicular and intraflagellar trafficking 31, 32 . Monosiga brevicollis, the unicellular organism closest to metazoans, encodes 25 Rabs, whereas Caenorhabditis elegans, Drosophila melanogaster and humans have 33, 54 and 115, respectively 33 . So far, 44 Rab sub-families are recognized in mammals, 16 of which probably originated in the LECA (ref. 33) . Of these ancient sub-families, 7 are conserved across eukaryotes: Rab1, 2, 5, 6, 7, 8 and 11. Notably, Rab8 and Rab11 boast a large repertoire of vesicular trafficking functions 34 , and participate in ciliary assembly, with Rab8 also localizing within cilia [35] [36] [37] [38] . Three LECA-associated Rab-like proteins, Rabl2, Rabl4 and Rabl5, singularly lack a membrane-targeting prenylation site and directly associate with IFT particles [39] [40] [41] [42] [43] . The crystal structure of Rabl4 (also known as IFT27), was recently shown to resemble that of Rab8 and Rab11 (ref. 44) . It functions together with IFT25 -not for ciliogenesis, but rather to regulate the transport of Hedgehog signal Nuclear pore complex Figure 1 Functional modules used in membrane trafficking and shaping already established in the last eukaryotic common ancestor (LECA). (a) Membrane-coating modules in the eukaryotic cell implicated in vesicular trafficking, intraflagellar transport (IFT) and nuclear pore complex (NPC) formation. Two major classes of membrane-coating or deforming systems are represented: the protocoatomer-related and the retromer (BARdomain-containing) complexes. Notably, COPI, COPII and clathrin coats as well as NPC and IFT (BBS) subunits share an evolutionarily conserved β-propeller-solenoid/TPR structural architecture formed from one or two polypeptides. A few key vesicular and intraciliary trafficking components are noted. (b) General mechanisms of vesicular trafficking and regulation by small GTPases. Right: a host of small GTPases (for example, Rab8, Rab11, Arf1 and Arf4) mobilize membrane-associated cargo from the Golgi to the plasma membrane. Left: a more detailed schematic of membrane trafficking. The sorting of cargo and coating of vesicles (1) and budding (2) steps are shown before uncoating and motor-dependent trafficking events (3, 4) that ultimately lead to the tethering of the vesicle via t-and v-SNAREs and fusion with the acceptor membrane (5, 6) . Not shown are various adaptors and tethers, and involvement of the exocyst complex in the final stage of trafficking. (c) Non-vesicular-based mechanism for the trafficking of a protein from the periciliary membrane into the ciliary compartment. Sorting and coating by BBS coat complexes (1) uses the small GTPase Arl6 (BBS3) and is coordinated with the IFT trafficking machinery to move proteins into the cilium (2), with the assistance of Rablike (Rabl) small GTPases. Sorting and coating by IFT proteins probably occurs in parallel.
transduction proteins in vertebrate cilia 45 . Intriguingly, it modulates the cell cycle in Chlamydomonas 40 . Rabl5 is required for cilium formation in Trypanosoma 42 but not in C. elegans, where it modulates insulin signalling 39 . Rabl2 seems to be restricted to motile cilia, and in mammalian sperm is required for motility and fertility 43 . Another Rab protein traceable to the LECA, Rab23, localizes to cilia in Trypanosoma brucei as well as in mammalian cells, where it regulates the ciliary localization of Hedgehog effectors [46] [47] [48] [49] . Aside from Rab8 and Rab23, mammalian Rab17 was the only other Rab uncovered in a screen for ciliogenesis 50 , although subtle roles for other Rabs in cilium formation, maintenance or function may have been missed.
In conjunction with Rab GTPases, several members of the ADPribosylation factor (Arf) and Arf-like (Arl) family of small GTPases, including Arf4, Arl3, Arl6 and Arl13b, also have varied cilium-associated functions 31, 32, 51 (Figs 1b,c, 2b and 3). Arf4 acts in trafficking to the ciliary base, Arl3 and Arl13b are ciliary proteins with links to IFT, and Arl6 (also known as BBS3) enables the BBSome to form coats trafficked at the periciliary membrane and within cilia by IFT (refs 28,52,53) . At least three of the above-mentioned small GTPases (Arl3, Arl6 and Arl13b) originated in the LECA. Other members of the Arf-Arl family (over 20 in humans and 11 in C. elegans) might have yet undiscovered ciliary functions.
Different regulators evolved to fine-tune the spatiotemporal activities of Rab, Arf and Arl GTPases, including GTP exchange factors (GEFs) and GTPase activating proteins (GAPs). For example, the Rab8 GEF Rabin8 interacts with proteins required for ciliary trafficking and ciliogenesis, including the BBSome subunit BBS1 and basal body protein Cep164 (refs 36,54) . Rabaptin5, a Rab4 and Rab5 effector, interacts with Rab8 and is required for ciliogenesis in zebrafish 37 ( Fig. 3 ). This suggests that the LECA-associated Rab4 and Rab5 proteins may also have ciliary functions. Interestingly, the endocytic Rab5 protein is not required for ciliogenesis per se but balances exocytosis at the periciliary membrane to maintain ciliary membrane homeostasis 55 . Probing the phylogenetic distribution of GTPase regulators may illuminate possible ciliary roles; for instance, the Arl3 GAP termed retinitis pigmentosa 2 (RP2), which supports G protein trafficking to cilia 56, 57 (Fig. 3) , stems from the LECA. IFT therefore seems to be an extension of a vesicular trafficking pathway that not only shares structural-functional modules, but also effectors and molecular mechanisms. The central elements of the two interconnected trafficking routes were present in the ancestral eukaryote, and expansion of family members probably refined the pathways in organisms and cell types bearing functionally distinct cilia. Comparative genomics aimed at identifying evolutionarily conserved genes associated uniquely with ciliated organisms could help uncover novel ciliary trafficking components 25, 58 . For example, although not directly linked to trafficking, the DnaJ-domain-containing small GTPase RJL displays a phylogenetic profile strongly suggestive of being motile-cilium-associated 59 . Indeed, the Trypanosoma orthologue localizes near the ciliary base 60 .
A vesicular-trafficking-associated pathway guides the early steps of ciliogenesis Ciliogenesis is generally described as centrosome maturation to a basal body that moves to and docks with the cell membrane, followed by axoneme extension 61 ( Fig. 2a) . But how did this pathway emerge? A cilium-anchoring basal body is likely to have evolved from a primitive MTOC used during cell division 2, 5 . MTOC-directed vesicular trafficking of signalling proteins to a membrane patch could have inaugurated a ciliary precursor capable of more efficient signal transduction 5, 24 . Such an evolutionary intermediate has long been lost and is hypothetical, although a remarkably similar cellular arrangement The core IFT machinery (Fig. 2b) is highly conserved in ciliated organisms. Detailed phylogenetic analyses of kinesin and dynein families 132, 133 suggest that the LECA had a complete molecular motor toolset for mobilizing vesicles in the cytosol, moving IFT particles in the cilium and providing ciliary motility via axonemal dyneins. IFT motor-associated proteins, biochemically and genetically separable into two major complexes (IFT-A and IFT-B, with at least 6 and 14 subunits, respectively) 4, 23 , also existed in the ancestral eukaryote. Yet, an awareness of IFT-associated component losses in specific organisms could provide useful insights into how cilia are built and function. The major IFT kinesin motors, heterotrimeric kinesin-2 and OSM-3 (Kif17), are present in all ciliated species -but, intriguingly, are absent from Plasmodium falciparum, which, like Drosophila spermatozoa, builds cilia intracellularly in an IFT-independent manner 134 . Similarly, the main IFT dynein motor (DYNC2H1) is present in nearly all organisms that build cilia. It is, however, absent from P. falciparum and missing in some ciliated organisms (for example, the apicomplexan Toxoplasma gondii and diatom Thalassiosira pseudonana) that nevertheless possess kinesin-2 and other IFT components. These observations raise intriguing questions regarding how functional cilia can be built without IFT, or maintained without retrograde IFT (ref. 133) .
Although it is likely that most core IFT components have now been identified, other central or peripheral IFT-associated proteins may still remain to be uncovered. Recently, Tubby-like protein 3 (TULP3), a negative regulator of Hedgehog signalling, was shown to function within IFT-A in GPCR trafficking; interestingly, however, its disruption does not cause the anticipated retrograde IFT defects associated with IFT-A (ref. 135) . Such IFT-associated proteins might represent 'adaptors' that enhance IFT selectivity. Likewise, IFT25 and IFT27 are ostensibly specific for Hedgehog signalling 41, 44, 45 , and thus missing from Drosophila and C. elegans, which lack ciliary Hedgehog signalling. Furthermore, the BBSome (Box 2) and other motors (including Kif28 (KLP-6) and the paralogues Kif7 and Kif27), or kinesin-dynein motor combinations, enhance the selectivity of ciliary transport in different cell types or conditions 10, 90, 136 . Many aspects of IFT remain equivocal. For instance, why IFT-A proteins are commonly associated with retrograde IFT in diverse organisms, whereas IFT-B components seem generally essential for anterograde trafficking 10, [21] [22] [23] , are pressing questions. Moreover, how the IFT-A, IFT-B and BBSome modules remodel the IFT machinery (assembly and disassembly at ciliary tip and base) to engage a molecular switch from anterograde transport to retrograde transport 10,21-23 is also largely unexplored. Finally, several IFT-associated small GTPases (Rabl2, Rabl4 and Rabl5) may have membrane-cargo regulatory roles (Fig. 2b) , but how these function compared to their vesicle trafficking Rab counterparts remains to be investigated. Ciliary-vesicle-dependent steps of ciliogenesis, and modular organization and mechanism of the IFT machinery. (a) A pathway for ciliogenesis involves a ciliary vesicle and the small GTPases Rab8 and Rab11. The mother centriole uses distal appendages (which mature into transition fibres) to interact with a Rab11-associated ciliary vesicle (1). Rabin8 and coat protein small GTPase tethering complexes (including TRAPPII) are recruited to the ciliary vesicle (2). Rab8 is then recruited and seems to mark a Rab11-to-Rab8 switch, although this event is not clearly defined spatiotemporally (3) . A transition zone (TZ) emerges (4), from which axoneme extension occurs (5), either before or following fusion of the invaginated ciliary vesicle with the plasma membrane (6) . Both the transition fibres on the basal body and mature TZ help to seal the ciliary compartment, which is identifiable by the presence of Rab8. (b) Model for IFT-mediated transport. A complete anterograde IFT particle (including kinesin motor(s), IFT sub-complexes A and B, and the BBSome) assembles near or at the basal body transition fibres in association with the periciliary membrane, from components trafficked to the base of the cilium and centriolar satellites (1, 2) . Ciliary cargo is loaded onto IFT particles (3) and transported to the tip of the cilium (4) using one or more anterograde motors. Heterotrimeric kinesin-2 (Kin-II) is normally required for this motility, although additional kinesins may be used, including Kif17 (OSM-3). Remodelling at the tip (5) prepares the IFT machinery for retrograde transport (6) , and at the base completes the IFT cycle (7) . How the dynein and kinesin machineries move to the tip and back, respectively, remains unclear (shown as question marks). Cilia possess a proximal axoneme composed of doublet microtubules (MTs), and often have a distal axoneme with singlet MTs. In many C. elegans cilia, Kin-II and OSM-3 operate coordinately along doublet MTs, whereas OSM-3 acts alone in the distal segment. On the right, the composition and organization of the IFT machinery are depicted together with their various structural and functional domains (including β-propeller and TPR/ solenoid motifs, small GTPases, coiled-coils and pleckstrin homology (PH) phosphatidylinositol lipid-binding module).
evolved independently to create the immune synapse, the site of signalling between non-ciliated T cells and antigen-presenting cells 62 . In various vertebrate and mammalian cell types, the basal body, joined to a so-called ciliary vesicle at the centriole distal end, migrates from its perinuclear position to the membrane before complete axoneme elongation 63 . Consistent with the use of a membrane trafficking pathway, recent live-imaging studies in RPE-1 cells suggest a dynamic targeting of the Rab8 GEF (Rabin8) to Rab11-positive recycling endosome (post-Golgi) vesicles by the TRAPII vesicle-tethering complex to the centriole distal end 38 . Rab8 is then recruited to the putative ciliary vesicle and defines the emergent ciliary membrane during axoneme elongation (Fig. 2a) . A potentially key regulator in this process is Rabaptin5, which binds Rab8 and two IFT proteins, IFT20 and MIP-T3 (also termed DYF-11 and Elipsa), at the basal body 37 . The Rabaptin5-Rab8-IFT functional coupling may help IFT particle assembly at the site of ciliogenesis, facilitating the transition between vesicular and intraciliary trafficking (Fig. 3) .
Remarkably, immune synapse formation also depends on IFT20 and Rab11, as well as on Unc119, a protein recently implicated together with Arl3 and RP2 in ciliary trafficking 56, 62, 64 (Fig. 3) . Assembling the immune synapse involves remodelling the actin cytoskeleton around an MTOC that moves to the membrane, along with polarization of the Golgi and recycling endosome to direct secretion and endocytosis 65 . Notably, actin is also implicated in basal body migration 66 and, as discussed below, the recycling endosome may represent an important junction in ciliary trafficking. The parallels between cilium and immune synapse biogenesis and function are therefore striking 62 . We pondered that basal-body-ciliary-vesicle trafficking was established in the LECA because of the mutually exclusive functions of the 'cytosolic' and 'membrane-associated' MTOC in cell division and cilium formation, respectively. However, unlike in metazoans cells, which almost invariably shed their cilium to liberate centrioles for cell division, most protists undergo cytokinesis with their basal bodies engaged with the ciliary apparatus. Where ciliary resorption occurs before cell division, as in Chlamydomonas reinhardtii, centrioles remain closely juxtaposed to the plasma membrane and are unlikely to require a ciliary vesicle for ciliogenesis 67 . Intriguingly, however, the basal-body-ciliary-vesicle migration observed in vertebrate cells (including photoreceptors 68 ) occurs during ciliated gamete formation in the multicellular fungus Allomyces arbusculus 69 . This suggests that the basal-body-ciliary-vesicle pathway is ancient, with roots in opisthokonts (the lineage that includes fungi and metazoans). Evolution of a 'cytoplasmic' centrosome probably facilitated the control of asymmetric cell divisons, cell polarity and cilium formation -all key for the genesis of metazoans 2 . Basal-body-ciliary-vesicle trafficking is therefore relevant to primary cilium formation, and defects in this pathway are linked to disease 70 . The pathway also beckons us to investigate how centrioles migrate, whether along the membrane or from a more central cellular position; So far, 17 different genes are linked to BBS, a ciliopathy characterized by obesity, blindness, cystic kidney disease and other clinical manifestations 137, 138 . BBS proteins were first shown to be associated with IFT in C. elegans 26, 52 , a finding subsequently confirmed in Chlamydomonas
29
.
The seven most conserved BBS proteins (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8 and BBS9) can be isolated as a complex (the BBSome) from mammalian cells, and are recruited by the small GTPase BBS3 (Arl6) to form a coat on liposomes 28, 36 . The latter finding is consistent with the assembly of β-propeller and TPR-domain-containing BBS subunits into COPI-COPII-clathrin-like coat complexes (Figs 1c and 2b) . Additional BBS proteins (BBS6, BBS10 and BBS12), which assemble with the actin-tubulin-folding chaperonin CCT, evolved in higher metazoans to assist BBSome assembly 139 . A missense mutation in one BBS patient has also been found in the muscular-dystrophy-associated ubiquitin ligase TRIM32 (BBS11) 140 . Intriguingly, several BBS-associated proteins localize to the transition zone (known as the ciliary gate), namely BBS13 (MKS1), BBS14 (CEP290 or NPHP6), BBS16 (SDCCAG8 or NPHP10) 141, 142 and potentially the planar cell polarity protein Fritz (BBS15) 143 . Given their localization, a potential functional association between the ciliary gate and BBSome requires further exploration. Another BBSome-interacting protein, BBIP1 (also known as BBIP10 or BBS18), promotes ciliogenesis and regulates microtubule stability through tubulin acetylation, properties not seemingly common to other BBSome subunits 144 . Hence, there seems to be one core IFT module containing BBSome proteins (including Arl6 and potentially BBIP1) present since the dawn of eukaryotes, and other BBS proteins that perform regulatory functions.
Work in Chlamydomonas suggests that the BBSome is substoichiometric relative to IFT particles and does not influence IFT particle function or stability 29 . However, disruption of C. elegans BBS proteins destabilizes the entire BBSome complex, affects the cohesion between IFT-A and IFT-B sub-complexes, and causes retrograde defects 20, 26, 83, 137, 145 . How β-propeller and solenoid-domain-containing BBS proteins are organized with respect to the core IFT machinery and motors, influence IFT-A and IFT-B interactions, and act in IFT retrograde transport, remains unclear. A recent study implicates BBS proteins in IFT-A and IFT-B remodelling at the ciliary base and tip 146 , a role perhaps critical in metazoan cilia that use two anterograde kinesins in concert for IFT particle transport (Fig. 2b) .
In any case, BBSome disruption leads to relatively subtle IFT and ciliary defects compared to abrogating core IFT components, consistent with the notion that BBS proteins are not generally essential for cilium formation in protists or metazoans 10, 26, 29, 36, 144 . Instead, the BBSome is likely to be a specialized transport adaptor for various signalling molecules, including GPCRs (Sstr3, Mchr1 and D1). LZTFL1 (BBS17), a mammalian BBSome-interacting protein, was found to regulate ciliary trafficking of BBSome components and of smoothened, a Hedgehog signalling protein 147, 148 . Although LZTFL1 is absent from insects and nematodes, which lack cilium-dependent Hedgehog signalling, it is conserved in diverse ciliated protists (including Chlamydomonas and Trypanosoma) that have BBS proteins but lack this signalling pathway. Hence, LZTFL1 probably modulates BBS-dependent trafficking of other, as-yet unidentified, ciliary cargo. It will be interesting to investigate whether the ancestral BBS function may have been the ciliary transport of the first signal transduction system adopted by the emergent ciliary apparatus 149 , such as the cyclic nucleotide signalling machinery. Indeed, a possible link between BBS proteins and cGMP signalling recently emerged 150 .
BOX 2 The IFT-associated BBS protein module
how the basal body distal end interacts with the ciliary vesicle or plasma membrane; and lastly, how the site of cilium outgrowth is established. Investigating the role of proteins found at distal appendages -which mature into basal-body-anchoring transition fibres -will help answer these questions.
Several players have emerged as being important. Cep164 is localized to distal appendages and is essential for their formation, as well as interaction with the ciliary vesicle and Rab8 effector, Rabin8 (ref. 54 ). ODF2, also found at appendages, is required for their formation and ciliogenesis, and directly interacts with Rab8 and Rab11 (refs 50,71) . Four novel distal appendage proteins necessary for ciliogenesis were recently uncovered -Cep89, Cep83 (CCDC41), SCLT1 and FBF1 -one of which, Cep83, enables interactions between the centriole and the ciliary vesicle and membrane 72 . Docking and assembly of IFT particles in association with transition fibres and periciliary membrane is conserved in Chlamydomonas, C. elegans and vertebrate cells [73] [74] [75] (Fig. 2b) . There, OFD1 (oral-facial-digital syndrome 1) helps recruit IFT88 and may provide an assembly site for IFT particles 76 . Another player, Ttbk2 (tau tubulin kinase 2), regulates the removal of the centrosomal protein CP110, which caps the mother centriole, and also helps recruit IFT proteins -presumably key steps in initiating axoneme extension 72, 77 (Fig. 2a) . Ttbk2, a microtubule plusend tracking protein, and another protein sharing this activity, Cep104, can be isolated with CP110, highlighting a likely coordination between instigating axoneme extension and microtubule growth 78 . Hence, distal appendages functionally interact not only with the ciliary vesicle and membrane trafficking machinery but also IFT components to help create the ciliary compartment. A key challenge will be to understand how proteins associated with the appendages, ciliary vesicle and emerging axoneme (including the transition zone, or 'ciliary gate' 61, 75, 79 ; Fig. 2a ) are coupled to 'canonical' downstream vesicle transport and exocytosis players -for example, actin cytoskeleton, myosin V, exocyst complex and Cdc42 (refs 66,80) -to assist in basal body migration and membrane docking and fusion of the ciliary vesicle at the intended site of cilium outgrowth.
The intraflagellar transport pathway
Once the basal body and forming transition zone associates with the plasma membrane, either directly or via a ciliary vesicle, the axoneme elongates 61, 63, 75 (Fig. 2a) . The discovery of IFT by the Rosenbaum lab 81 ushered in a new era of understanding how the axoneme is assembled and maintained, and how ciliary protein composition can be modulated dynamically. The core of the IFT machinery consists of kinesin-2 and cytoplasmic dynein motors that alternate between anterograde and retrograde motility, respectively, and the two multi-protein sub-complexes IFT-A and IFT-B (refs 20-23,82) . These components are widely conserved across ciliated eukaryotes, having arisen in the LECA (Box 1). Another IFT module, the BBSome (refs 29,36,83) (Box 2), is not universally conserved in ciliated organisms, but is present in most eukaryotic clades 36 and is therefore also primeval. Key structural and mechanistic features of the IFT machinery are presented in Fig. 2b and Boxes 1 and 2.
There are ostensibly two primary purposes to IFT. The first is to build and maintain ciliary axonemes by trafficking structural components such as tubulin and, if necessary, motile cilium-specific machinery. The second is mobilizing sensory and signalling components in and out of the cilium. Hao and colleagues 84 recently provided evidence that IFT transports tubulin building blocks, by following GFP-tagged C. elegans α-and β-tubulins (TBA-5 and TBB-4) with time-lapse microscopy and kymograph analyses. Fluorescence recovery after photobleaching (FRAP) experiments also revealed that tubulins first concentrate at the ciliary tip (and doublet microtubule ends), corroborating elegant studies demonstrating that newly incorporated tubulin and radial spokes proteins assemble at pre-existing Chlamydomonas ciliary tips 85 . Studies in Drosophila also indicate a requirement for IFT in tubulin transport, and more specifically, implicates kinesin-2 (KLP64D) and IFT-B (OSEG2, OSM1, IFT172) subunits -both involved in anterograde transportbut not OSEG1 (DAF-10, IFT122) , an IFT-A subunit linked to retrograde transport. Evidence for IFT-dependent transport of radial spokes and the outer dynein arm subunit also exists [86] [87] [88] -thus, core components of both motile and non-motile axonemes may require IFT for their assembly.
Given the close interaction between IFT particles and the ciliary membrane 81, 89 , how the IFT machinery interacts with 'soluble' cargoes remains largely unexplored. Binding to IFT sub-complexes A or B, or to kinesin itself, could occur within the ciliary matrix. Indeed, evidence exists that kinesins directly transport dynein machinery in preparation for retrograde transport 90 . The IFT subunits IFT74 and IFT81 were recently shown to form a specific tubulin-binding module 91 . Also possible is the peripheral association of soluble components with membrane, as suggested by work of Stephens and colleagues on tubulin 92 . Do signalling components depend on IFT-mediated transport? Very few are known to directly bind IFT-associated machinery (for example, IFT20 binds opsins 93 , and IFT proteins associate with cGMP-dependent protein kinase 94 ), but several depend on IFT for dynamic ciliary localization. A few IFT proteins are implicated in transporting Hedgehog signalling components -Patched (Ptch1), Smoothened (Smo), Sufu, Gli2 and Gli3 (ref. 8 ). IFT25 and IFT27 may represent specific adaptors, not being required for building cilia and absent from invertebrates devoid of cilium-dependent Hedgehog signalling 45 . Interestingly, the BBSome also participates in Hedgehog signalling, with BBS1 directly interacting with Ptch1 and Smo proteins 95 . Furthermore, several G-proteincoupled receptors (GPCRs), including Sstr3, Htr6, Mchr1 and dopamine receptor 1 (D1), utilize a conserved ciliary targeting sequence (CTS) recognized by multiple BBS subunits to modulate dynamic ciliary localization 27, 28, 96, 97 . Notably, the CTS of Sstr3 is sufficient for ciliary targeting in a BBSome-and Arl6 (BBS3)-dependent fashion 28 . An intriguing aspect of IFT-BBS-mediated ciliary transport is its apparent bidirectionality; for example, mammalian D1 is removed from cilia in response to environmental cues and agonist binding, potentially by direct binding to BBS5 (ref. 97) , and several signal transduction proteins accumulate in a Chlamydomonas BBS mutant 29 . But most of the evidence for IFT-dependent ciliary trafficking is indirect. The first visualization of IFT-driven motility for a non-structural ciliary protein, in 2005, was obtained in C. elegans for OSM-9 and OCR-2, the transient receptor potential vanilloid (TRPV) channels associated with multiple sensory functions 98 . The Chlamydomonas orthologue of a calcium channel implicated in polycystic kidney disease (PKD2) was subsequently shown to require IFT for ciliary motility 99 . There may be technical difficulties in observing IFT for cargo proteins. Compared to core IFT or BBS proteins, movement may be less robust and/or saltatory, as observed with C. elegans TBA-5 and TBB-4, as well as Chlamydomonas PKD2. Substoichiometic amounts of fluorescently tagged cargo protein on each IFT 'train' probably results in a low signal-to-noise ratio. A recent study, using FRAP and shRNA-knockdown of kinesin-II in a heterologous cell line or photoreceptor cell, suggests IFT-dependent movement of opsin -known to occur at a rate of thousands of molecules per minute -but does not unambiguously show it 100 . How the IFT machinery transports presumptive cargo, and its similarities or differences with vesicular trafficking, therefore remains largely undetermined. Direct visualization of moving cargo, for example, using single-molecule imaging 101 , will be important to answer this question. For example, how do IFT particles traffic from the periciliary membrane-transition fibre region across the transition zone, which functions as a 'ciliary gate' or membrane diffusion barrier 61, 80 ? One possibility is that in addition to interacting with membrane-associated cargo, IFT particles assemble lipid rafts that facilitate bulk-like transport into, and potentially out of, the cilium 10 . Where is cargo released? Just past the transition zone, or at the ciliary tip, as with structural components? The context of IFT should be informative. Whereas vesicles present a curved membrane surface, the ciliary membrane has much reduced and inversed curvature. Ciliary coating proteins would be likely to adopt a different geometry for membrane interaction. Indeed, the BBSome forms coat complexes on purified liposomes, without deforming the membrane like COPI and COPII (ref. 28) . Similar experiments have yet to be reported for core IFT proteins. Structural information on BBS and IFT protein complexes (the latter work being underway 82 ) will help shed light on the relative topology of β-propeller-solenoid scaffolds compared to those used for vesicular trafficking and nuclear pore formation. Such structural analyses will also help to unravel the arrangement of IFT proteins within detailed electron tomography images obtained of IFT 'trains' 89 . Further mechanistic questions regarding IFT are outlined in Box 2. Figure 3 Model depicting ciliary cargo trafficking pathways. Cilium-bound, membrane-associated proteins are initially sorted at the trans-Golgi network (TGN) before being delivered to the subapical (pericentriolar) region. There is evidence for at least four possible transport pathways. Pathway A involves direct targeting to the periciliary membrane. At the TGN, Arf4 regulates the budding of vesicles containing membraneassociated ciliary proteins, and Tctex-1 (Dynlt1) binds to a ciliary targeting sequence on the cytoplasmic domains of a cargo protein (for example, rhodopsin) to promote dynein motor coupling (1) . Additional regulatory components, including Rab8, Rab11, Asap1 and FIP3 (not shown), and at least one IFT protein (IFT20), may also ride on the pericentriolarly directed transport vesicles (2) . Centriolar satellites associated with the basal body (3) may act as a way station for ciliary trafficking components (for example, BBS4) and ciliary proteins (transition-zone-associated RPGR and Cep290, which are required for Rab8 trafficking to cilia). The recycling endosome (4), which is important for basal body migration and early ciliogenesis, may represent an intermediary trafficking step in pathway B. Some ciliary-bound proteins may use a third route (pathway C) and be delivered to the apical plasma membrane before lateral movement into the periciliary membrane area (5). The switch from vesicular trafficking to intraflagellar trafficking may involve direct interactions between IFT54 (also known as MIP-T3, Elipsa and DYF-11) and IFT20 (both part of IFT sub-complex B), as well as the Rab8-binding protein Rabaptin5 (6, inset) . IFT-associated cargoes are then moved into the cilium by anterograde transport (7) . Finally, a fourth potentially discrete mechanism (pathway D) employing Unc119, Arl3 and RP2 ensures the trafficking of myristoylated cargo (for example, Nphp3 and G proteins) into the cilium (8).
Vesicular and membrane trafficking for ciliary proteins
Coat formation is an ancient conserved mechanism employed for the sorting of cargo proteins to be transported from a donor to an acceptor membrane 30 ( Fig. 1) . In mammalian cells, coat assembly is initiated when inner coat proteins (for example, adaptor protein complexes) recognize specific sorting signals on the cytoplasmic domains of proteins. The YXXФ motif, for example, enables the sorting of proteins targeted to the basolateral membrane of polarized cells, and internalization of endocytic receptors from the plasma membrane. Subsequent interactions with outer coat components (for example, clathrin and COPs) completes the assembly 102 .
Coat assembly provides an effective means of concentrating membrane cargoes into patches and inducing local membrane deformation through insertion of amphipathic helices into the lipid bilayer. Arf family small GTPases, including Arf1 and Arf3, sense membrane curvature and regulate the formation and budding of coat-cargo complexes. Vesicles pinched from donor membranes then travel using cytoskeleton-associated molecular motors. When encountering their target membranes, specific tethering and docking protein interactions (often involving Rabs) permit cargo delivery into recipient membranes through SNAREmediated membrane fusion 103 . Coats either disassemble after vesicles emanate from the donor membrane, or remain on transport carriers (perhaps partially), and participate in protein-protein, protein-cytoskeleton and/or vesicle-targeting membrane interactions 102 . Conserved modules and general mechanisms of vesicular trafficking are depicted schematically in Fig. 1 .
Intuitively, proteins destined for the cilium must first be sorted at the trans-Golgi network (TGN), and traffic to the basal body or (sub)apical region of polarized cells. Here, additional sorting is likely to occur, to segregate these proteins from those destined to reside in the apical plasma membrane. At least four trafficking routes seem possible before ciliary entry (Fig. 3) : direct transport to and fusion with the periciliary membrane (pathway A); use of a recycling endosome as a way station (pathway B); trafficking to the plasma membrane followed by lateral diffusion to the periciliary membrane (pathway C); and finally, a fourth route involving Unc119-RP2-Arl3 is also emerging (pathway D).
The trans-Golgi network as an initial sorting facility Apical sorting at the TGN does not involve canonical coat formation. Instead, cells seem to utilize various signals, including glycosphingolipids, glycans or protein motifs on the exoplasmic (transmembrane) domains, as apical determinants 104 . Interestingly, although present in most basolateral membrane proteins, few cytoplasmic sorting sequences have been identified in apical membrane proteins 104 . In sharp contrast, almost all ciliary targeting signals (CTS) identified so far have been mapped to the cytoplasmic domain 96, [105] [106] [107] . Rhodopsin, which localizes to the ciliary photoreceptor outer segment 108 , is a prototypal protein carrying cytoplasmic apical sorting signals. A VxPx motif present in its cytoplasmic C-terminus, initially identified as a mutational hotspot for human retinitis pigmentosa, is critical for its targeting to the outer segment 109, 110 . So far, two proteins, Tctex-1 (Dynlt1) and Arf4, are implicated in sorting rhodopsin at the TGN. Both bind directly to its C-terminus in a VxPx-dependent fashion 111, 112 . At the TGN, Arf4, Rab11 and associated proteins (the Arf GAP Asap1 and Rab11-interacting/effector protein FIP3) regulate the budding of rhodopsin-bearing transport carriers 112 . Tctex-1, a light chain subunit of cytoplasmic dynein, connects rhodopsin-bearing vesicles with the motor, permitting translocation on microtubule tracks to the apical poles 111, 113 (Fig. 3) . A similar VxPx motif sufficient for ciliary targeting is found on the cytoplasmic domains of polycystin-1 and polycystin-2 (PKD2) 106, 107 . IFT20 also binds the C-terminus of rhodopsin. However, the interaction is VxPx-independent 114 , suggesting that IFT20 is not part of the key sorting machinery. Instead, it probably serves as an adaptor (together with the IFT protein MIP-T3 (Elipsa) and Rabaptin5-Rab8 (ref. 37)) for recruiting other IFT components before incorporation on to IFT trains ( Fig. 3 inset) ; indeed, the IFT20 interaction with opsin is detected in both the cytoplasm and as part of the IFT particle 93 . Additional IFTassociated proteins downstream of the TGN may interact with apically directed transport carriers; this includes BBS4, which interacts with the dynactin (dynein activator) subunit p150 glued and is required for opsin outer segment localization 115, 116 .
Trafficking directly to the periciliary membrane A plausible route for ciliary proteins (including rhodopsin) may involve vesicular transport targeted specifically to the periciliary membrane (Fig. 3, pathway A) . Various aforementioned players are likely to participate in cargo selection, vesicle budding and trafficking steps, including Arf4, Asap1 (FIP3), Rab8-Rabin8 and Rab11 (ref. 117) . Similarly to canonical vesicular trafficking, exocyst, tethering complexes and SNARE fusion machineries probably promote vesicle fusion with the periciliary membrane. A recent study showed that NDR2, involved in a canine ciliopathy (retinal degeneration), may play a role in this latter process by phosphorylating Rabin8 and triggering its switch in association with phosphatidylserine-containing vesicles to the exocyst component Sec15 (ref. 118); whether this is also critical for cilium formation or maintenance remains unclear.
The recycling endosome as a possible second sorting checkpoint An emerging view argues that many newly synthesized apical surface proteins follow an indirect transport route involving the recycling endosome before reaching their distal destination 119 . The recycling endosome is a highly dynamic endocytic compartment in which proteins moving toward their target membranes are concentrated and segregated from other components in narrow tubules 120 . In polarized MDCK (MadinDarby canine kidney) cells, recycling endosomes localize proximal to the basal body 121 . Despite their names, recycling endosomes seem to serve as intermediate compartments at the crossroads of several intracellular trafficking pathways, including the TGN-to-apical-surface and apical-surface-to-basolateral-surface routes 119 . The recycling endosome may provide a sorting intermediate compartment wherein proteins are partitioned between the cilium and apical plasma membrane (Fig. 3,  pathway B) .
Supporting this notion, vesicles containing cilia-targeted fibrocystin were found in the recycling endosome 105 . Moreover, several recyclingendosome-localized membrane transport components -including Rab8-Rabin8, Rab11, Rab17 and its GAP TBC1D7, TBC1D30 (a RabGAP), Evi5like (Rab23 GAP), the exocyst complex protein Sec10, and TRAPPII complex -are linked to ciliary assembly 35, 36, 38, 50, 106, [122] [123] [124] [125] [126] . At the recycling endosome, Rab11-GTP interacts with Rabin8 and stimulates its GEF activity toward Rab8, which probably promotes targeting to the ciliary base 35, 38, 127 (Fig. 3) .
Sorting at or near the periciliary membrane
The final destination of cilium-bound cargoes is the periciliary membrane, where entry into the organelle is either IFT-dependent or -independent. Although the periciliary membrane can be reached directly or via the recycling endosome, some proteins (for example, smoothened 128 ) delivered to the apical membrane may diffuse laterally to reach this site (Fig. 3, pathway C) . Other components targeted to cilia may temporarily be held in centriolar satellites closely associated with the basal body (for example, Rab8, BBS4 and the transition zone protein Cep290) (Fig. 3) .
Several lines of evidence suggest that the BBSome is a bona fide component of the sorting machinery required for targeting several GPCRs (including SSTR3) to cilia ( Figs 1c and 3 inset; see also Box 2). Most BBSome components are enriched in the basal body and centriolar satellite region, and their binding to the SSTR3 CTS (AX[S/A]XQ) is needed for trafficking the GPCR (refs 27,28) . Collectively, the studies on BBS proteins suggest a compelling model for ciliary transport: the BBSome decodes sorting signals of specific cargoes, forms coats using the small GTPase Arl6 (BBS3), and assembles onto IFT trains 10, [26] [27] [28] [29] 83 . The membrane cargoes are 'dragged' across the diffusion barrier through an as-yet unidentified mechanism (Fig. 3, inset) . However, the BBSome is unlikely to be the sole sorting machinery accounting for ciliary trafficking. Core IFT components (Box 1) and the Unc119-RP2-Arl3 ciliary transport system (reviewed by in ref. 129 ) undoubtedly also play key roles, and, together with the BBSome, account for targeting proteins to the ciliary compartment.
A complex ciliary trafficking pathway only starting to yield its secrets The very existence and essence of the LECA strongly depended on the emergence of vesicle and intraciliary trafficking pathways employing related structural and functional modules. Ultimately, the evolution of metazoans and their complex traits, such as neuron-based olfaction and vision, also benefited from the interplay between the two cellular pathways. An integrated approach to studying cilium-associated trafficking seems necessary: not only components, but also mechanisms underlying vesicular trafficking, cilium assembly and intraflagellar transport should be studied and compared. The conserved nature of the processes means that novel components and mechanisms can even be uncovered in nonciliated cells. For example, characterizing the formation and operation of the vertebrate proto-cilium-like immune synapse could provide valuable insights relevant to ciliogenesis or cilium function 62 , as does studying the Saccharomyces cerevisiae orthologues of cilia-associated Rabs (Sec4p (Rab8) and Sec2p (Rabin8)) in vesicular trafficking.
At the same time, different ciliated metazoan cells such as photoreceptors have distinct functions, and defining the nature of the trafficking components and mechanisms that generate their unique functionality is essential. Such research may help uncover the molecular aetiology of ciliopathies. For instance, it is unclear why one particular isoform of Arl6 (BBS3) seems to have a photoreceptor-specific function 130 . Finally, manipulating ciliary trafficking, formation and function could be effective in targeting numerous clinical ailments, including PKD and obesity. Heralding such a possibility, a recent study identified small molecules that selectively affect smoothened (a Hedgehog signalling protein) cilia-related trafficking, and these could thus be employed as anti-tumour compounds 131 .
